We investigated the antibacterial efficacy of a dairy-origin probiotic bacterium, Propionibacterium freudenreichii freudenreichii B3523 (PF), on a multidrug-resistant strain of Salmonella enterica serovar Heidelberg (SH) in growing turkeys. In 2 independent experiments, day-old poults (N = 24/experiment) were randomly assigned to 3 treatment groups (8 turkeys/group). The groups were: a negative control (NC; turkeys without PF supplementation or SH challenge), an SH control (SC; turkeys challenged with SH without PF supplementation), and a test group (PFS; turkeys supplemented with PF and challenged with SH) raised until 7 wk of age. Turkeys in the PFS group received PF once in 2 d at 10 12 cfu in 5 gallon drinking water from day 0 until 6 wk of age. Turkeys in SC and PFS groups were challenged with SH as crop gavage at 6 wk of age. After SH inoculation, the PFS group received PF daily for 7 d until the end of the study. The colonization of SH and PF in turkey ceca was determined 2 and 7 d post-inoculation of the pathogen. In addition, the effect of PF supplementation on the dissemination of SH to liver and spleen was determined. Results indicated that PF was recoverable at 4 to 4.5 log 10 cfu/g at the end of the study. Additionally, PF supplementation significantly reduced SH colonization in the PFS group by 1 to 1.3 log 10 cfu/g in the turkey ceca 2 and 7 d after SH inoculation (P ≤ 0.05), compared to the SC group. In addition, PF supplementation reduced dissemination of SH to liver and spleen (P ≤ 0.05), compared to the SC group. Results indicate that PF could be a potential probiotic strategy in turkeys to control SH colonization at a later stage of turkey production.
DESCRIPTION OF PROBLEM
Foodborne bacterial infections remain one of the major causes of human enteric diseases in the United States. Among the infectious agents, Salmonella ranks high in the USA with an estimated ∼1 million human illness cases resulting in $4.4 billion loss annually [1, 2] . Salmonella can colonize intestines of warm-blooded vertebrates, including turkeys [3] [4] [5] [6] . In turkeys, the pathogen colonizes ceca from where it gets excreted to the environment. In addition, turkey meat may get contaminated with Salmonella during processing [6] . There is mounting evidence that turkey products could be epidemiological sources for Salmonella [4, [6] [7] [8] . Moreover, infected turkeys on farms are critical sources for Salmonella contamination in turkey meat and products [6, 9] . Multiple sources of Salmonella contamination could exist on farms, including bedding, drinkers, feed, box liners, air, and the infected bird itself [6, [9] [10] [11] .
Among the different serovars of Salmonella colonizing turkeys, Salmonella enterica serovar Heidelberg (SH) has emerged to cause significant loss to the poultry industry [4, 7, 8, 10, 11] . Outbreaks of SH have been reported through contaminated ground turkey meat, rotisserie chicken, and mechanically separated chicken in the USA in 2011, 2013, and 2014, respectively [7, 10, 11] . In addition, resistance to multiple and clinically important antibiotics makes SH a significant food safety concern to the human public health [12, 13] since invasive infections caused by multiple drug resistant (MDR) pathogens often results in treatment failures and extended hospitalization periods. Moreover, MDR SH strains that are resistant to cephalosporins such as ceftriaxone and ceftiofur have been reported; the antibiotics used in children and pregnant woman for the treatment of salmonellosis have now got less efficient [12] .
Alternatives to antibiotics (A2A) are being tested globally to control foodborne pathogens due to the concerns over antibiotic resistance, and consumer likeness for use of natural products over synthetics in production [14] [15] [16] [17] [18] [19] [20] . The emergence of MDR SH in poultry, including turkeys, and associated foodborne outbreaks highlight the importance of developing A2A interventions to control SH at the farm level. Probiotics are a well-accepted antibiotic alternative strategy that could improve preharvest food safety and potential to mitigate antibiotic resistance [21, 22] . In this regard, although the use of autochthonous [host gastrointestinal tract (GIT)-derived] probiotics gather support based on their ability to colonize over extended periods, the difficulty in selecting and propagating the best strain or a cocktail of defined strains for feed/water use has been the most crucial challenge. On the other hand, allochthonous probiotics, most likely originating from food or non-GIT sources, have reported difficulty to colonize in the human GIT [23] .
Propionibacterium freudenreichii is a generally recognized as safe (GRAS)-status probiotic bacterium isolated from milk, dairy products such as Swiss and Emmental cheese, and ruminants, including cattle [24] [25] [26] . P. freudenreichii are found as high as 10 9 cfu/g in Swiss cheese despite the osmotic, oxidative, and acidic stresses [27] . The bacteria could colonize in chicks, swine, rodents, and humans [27] [28] [29] . Also, P. freudenreichii exhibits excellent probiotic properties in humans and has been found to be effective against irritable bowel syndrome and ulcerative colitis [30] [31] [32] [33] . We recently found that P. freudenreichii freudenreichii B3523 (PF), a dairy-origin probiotic, has antivirulence properties, such as reduction of Salmonella multiplication, motility, adhesion, and invasion of avian epithelial cells by non-typhoidal SH, S. Typhimurium, and S. Enteritidis in vitro [33] . The colonization of a probiotic bacterium is necessary for its persistent beneficial effects in the host. In this regard, PF could colonize well in the ceca of 14-d-old turkey poults resulting in the reduction of MDR SH [17] . Therefore, the objective of this study was to validate the antibacterial efficacy of PF against MDR SH colonization in cecum and dissemination to liver and spleen of growing (7 wk old) turkeys.
MATERIALS AND METHODS

Ethics Statement
The turkey experiments were approved by the Institutional Animal Care and Use Committee, and the Institutional Biosafety Committee at the University of Minnesota approved the use of infectious agents in the experiments.
Bacterial Strains and Culture Conditions
MDR SH GT2011, an MDR SH strain implicated in the 2011 ground turkey outbreak in the USA, was used in the study [5, 34] . The strain was made resistant to 50 μg/mL nalidixic acid (NA) [34, 35] for selective enumeration and to avoid any confounding inherent SH in the turkey GIT. In addition, since the resistance genes are plasmid encoded for the 2011 ground turkey outbreak strains, any potential confounding due to loss of plasmids was taken care by making the strain NA-resistant (GT2011NAL) [5, 34] . Populations of SH (16 h cultures) in trypticase soy broth (TSB) [36] were determined after plating 100 μL of appropriate dilution of broth culture on xylose lysine desoxycholate agar plates (XLD) [37] supplemented with 50 μg/mL NA (XLD+NA) and incubating the plates at 37
• C for 24 h. A 16 h broth culture containing 10 9 cfu/mL SH was washed twice and diluted in phosphate buffered saline (PBS; pH = 7.2) after centrifugation (3600 × g for 15 min at 4
• C) to reach a final concentration of 10 5 cfu/mL. From this, 10 mL of 10 5 cfu/mL SH was used to inoculate the 6-wk-old turkeys using crop gavage method [5, 34] .
PF P. freudenreichii freudenreichii B3523 [38] was made resistant to 50 μg/mL rifampicin (Rf) [39] after subculturing in de Man Rogosa Sharpe (MRS) [40] broth with a gradual increase in concentration of Rf from 5 to 50 μg/mL to selectively enumerate PF from the turkey cecum and to avoid any confounding inherent Propionibacteria in the turkey GIT. A 24 h PF culture (approximately 10 10 cfu/mL) culture was grown in 1 L MRS broth containing 50 μg/mL Rf. PF was resuspended in 100 mL PBS after centrifugation (15,000 rpm for 15 min at 4
• C) [17] . From this, 10 12 cfu PF was supplemented to the turkeys on alternate days through drinking water (5 gallons) from day 1 to 6 wk. After SH inoculation on 6th week, the turkeys were supplemented with PF daily for 7 d until the end of the study.
Experimental Birds, Housing, and Experimental Design
Day-old poults (hybrid converter) were purchased from a commercial turkey hatchery in Minnesota. The poults were housed in 3 different pens in the Poultry Teaching and Research Facility at the University of Minnesota until 6 wk of age. On week 7, turkeys were transferred to BSL2 containment isolators of the Research Animal Resources at the University of Minnesota for conducting the challenge experiments. The birds were provided with Salmonellafree ad libitum feed, water and age-appropriate light, heat, and floor space.
Two independent experiments were conducted to determine the efficacy of PF against SH colonization in the ceca and its dissemination to liver and spleen. In each experiment, the treatment groups included a negative control (NC; turkeys without PF supplementation or SH challenge), an SH control (SC; turkeys challenged with SH and without PF supplementation), and a test group (PFS; turkeys supplemented with PF and challenged with SH). Day-old poults (N = 24/experiment) were randomly distributed into three pens representing treatment groups (8 birds/group). The incoming poults were determined as Salmonella-free on day 1 after enriching the fecal samples in selenite cysteine broth (SCB) [41] . The birds in the PFS groups were supplemented with 10 12 cfu of PF on alternate days in drinking water (5 gallons) for 6 wk. At 6 wk of age, SC and PFS groups were inoculated with SH (10 6 cfu) by the crop gavage method [17, 34] . After the challenge, PF was supplemented in drinking water to the PFS group daily for next 7 d. Two days post-challenge (2-PI), 4 poults from each group were euthanized. Cecum, liver, and spleen samples were collected to detect PF and SH colonization in the cecum and SH dissemination to the liver and spleen. The remaining poults (4 turkeys/group) from all three groups were euthanized 7 d post-challenge (7-PI). Then cecum, liver, and spleen were collected for microbiological analysis. Turkeys were weighed individually at 2-PI and 7-PI.
Determination of PF and SH in Cecum
The colonization of PF and SH in the turkey ceca was determined. The samples (∼5 g) collected in 10 mL PBS were homogenized, and 200 μL of appropriate dilutions of samples were plated on MRS+Rf and XLD+NA agar plates for PF and SH, respectively. The agar plates were incubated at 37
• C, and viable bacteria were enumerated after 48 h of incubation [17, 34] .
Determination of SH Dissemination to Liver and Spleen
The dissemination of SH to liver and spleen samples were determined by enriching samples in SCB. The liver and spleen samples were incubated in SCB for 8-12 h at 37
• C. The viable SH colonies in the enriched samples were determined after streaking samples on XLD and XLD+NA plates and incubating plates for 24 h at 37
• C [17, 34].
Statistical Analysis
A completely randomized design with a 2 × 3 × 3 factorial treatment structure was followed. Factors included two experiments, three treatment groups (PF, SC, and PFS), and three tissue samples (cecum, liver, and spleen). Logarithmic (log 10 cfu/g) transformation of bacterial counts was done before analyzing PF and SH populations in the cecum. Data from the bacteriology analysis and bodyweight were analyzed using the PROC MIXED procedure of SAS ver. 4.0 and P ≤ 0.05 was considered statistically significant. The results are provided as mean values and standard errors of the means (SEM). The differences in SH dissemination to liver and spleen between SC and PFS groups were statistically analyzed using Wilcoxon Rank Sum test in SAS to determine the effect of PF on the presence (positive after either direct plating or enrichment) or absence (negative after both direct plating and enrichment) of SH in different organ samples. The statistical significance was determined at a P-value < 0.05.
RESULTS AND DISCUSSION
In response to the federal rule to restrict the use of antibiotics, and veterinary oversight for the use of clinically important drugs for therapeutic purposes in food animals and poultry [42], several antibiotic alternatives are being tested by the industry, including probiotics, against harmful pathogens that have zoonotic importance. Among the emerging probiotics, Propionibacterium could have potential in production animals. Earlier, P. freudenreichiifermented products were found to improve growth rate in piglets without adversely affecting intestinal physiology [29] . In beef cattle, supplementation of P. freudenreichii in combination with Lactobacillus acidophilus resulted in a reduced prevalence of E coli O157:H7 in fecal and hide samples [43, 44] , indicating the antibacterial potential of the probiotic in production animals. In addition, P. freudenreichii has proven probiotic benefits in humans [30, 32] . Recently we found that PF exhibited antibacterial efficacy against three major Salmonella serovars in poultry in vitro [33] and against MDR SH in 14-dold turkey poults in vivo [17] . The current study was targeted to determine its potential to control MDR SH in growing turkeys (7 wk old).
Effect of supplementation of PF through drinking water on the colonization of PF in the turkey cecum post-SH challenge is given in Figure 1 . Turkeys supplemented with PF starting from day 0 to 7 wk at 10 12 cfu per 5 gallon water resulted in efficient colonization in the cecum during the challenge period (Figure 1) . Viable PF at 4.2 and 4.6 log 10 cfu/g could be recovered from the cecum of turkeys in the PFS group 2 and 7 d after SH challenge (Figure 1 ). In addition, supplementation of PF resulted in comparable body weight among NC, SC, and PFS groups at 2 and 7 d after the challenge in the first experiment (P > 0.05) (Figure 2 ). We found a marginal but significant decrease in the body weight in PFS group compared to SC, 2 d after the challenge in the second experiment (P < 0.05), although a similar effect was not observed 7 days after the challenge in the same experiment (P > 0.05) (Figure 2 ). This would indicate that the PF supplementation did not negatively affect the body weight of growing turkeys.
The results indicate the ability of PF to withstand the adverse digestive environment of turkey GIT, reach the cecum, and colonize well to exhibit antibacterial activity without adversely affecting body weight. Based on the cecal colonization by PF, PF survived well in the cecum during the SH challenge phase. Our in vitro study indicated that PF could survive at pH = 2.5 and in bile salt stress [17] . It is reported that P. freudenreichii has stress-tolerance mechanisms for prolonged survival in the adverse GIT environment. The protective mechanism has been attributed to the ability to produce stress-tolerance proteins, such as pyruvate-flavodoxin oxidoreductase and succinate dehydrogenase to withstand acid and bile stress in the digestive tract. In addition, chaperones and ATP-dependent proteasemediated thermotolerance mechanisms are also reported in P. freudenreichii [27] . The turkeys in the SC and PFS groups were inoculated with SH at 10 6 cfu/turkey at 6 wk of age. It was found that SH colonized at 2.4 and 2.2 log 10 cfu/g in SC groups after 2 and 7 d of SH challenge, respectively (Figure 3 ). Continuous supplementation of PF resulted in a significant and consistent 1 log 10 cfu/g reduction of SH in the PFS groups compared to the SC groups after 2 and 7 d of SH challenge in both studies (P ≤ 0.05) (Figure 3) . In addition to the consistent reduction of SH, 62.5% cecal samples in the PFS groups were negative after enrichment for SH combining the cecal samples of 2 experiments from 7 d PI. Similarly, PF supplementation reduced SH dissemination to the internal organs, liver, and spleen, 2 and 7 d after SH challenge (Table 1) . There was no significant difference between experiment 1 and 2 for the dissemination of SH to liver and spleen 2 and 7 d after inoculation. Therefore, we combined the data from two experiments for each sampling point. Two days after SH challenge, 87.5% liver and spleen samples were positive for SH in SC groups, whereas 37.5% and 25% samples were found to be SH positive in PFS group for liver and spleen (P ≤ 0.05), respectively. Similarly, 7 d after SH challenge, 87.5% and 37.5% liver and spleen samples were positive for SH in SC and PFS groups, respectively (P ≤ 0.05).
The inhibition of SH colonization by PF in turkeys would indicate the antimicrobial function of PF in the turkey GIT. Probiotic bacteria exhibit different antimicrobial mechanisms such as competitive exclusion and production of bioactive metabolites to inhibit pathogens in the host GIT [17, 22, 23] . However, attachment and establishment of probiotic bacteria in the host GIT is a prerequisite for exerting an antimicrobial activity on the pathogen [17, 22, 23, 33] . In the current study, PF survived in high numbers in the cecum resulting in the reduction of SH in the turkey cecum. Previously, P. acidipropionici isolated from poultry GIT was found to inhibit S. Enteritidis adhesion in vitro [45] . Also, cell-free extracts of PF containing metabolites were found to inhibit SH motility and multiplication in our previous studies [17, 33] . Therefore, it could be possible that the antimicrobial metabolites produced by PF in turkey cecum might have resulted in reducing SH colonization, including its motility and multiplication. For example, in a separate study, elevated production of propionic acid was detected in broiler chick cecum with the relative abundance of PF, and propionic acid was found to be effective against Salmonella spp.
[46].
Results of this study indicate that the PF has the potential as an antibiotic alternative for reducing MDR SH in turkeys when the inoculation with the pathogen occurred at a later stage of production. Since we observed good colonization potential for the probiotic strain, future studies in market-age turkeys could be undertaken to determine the efficacy of PF as a pre-harvest SH control strategy in commercial turkeys.
CONCLUSIONS AND APPLICATIONS
1. P. freudenreichii survived in significantly large numbers in the cecum of turkeys. 2. P. freudenreichii significantly reduced SH colonization in 7-wk-old turkeys. 3. P. freudenreichii significantly reduced SH dissemination to the liver and spleen of turkeys. 4. P. freudenreichii can be considered as an antibiotic alternative in turkey production; however, studies in market-age turkeys are warranted.
